6 that red light irradiation reduces the expression of ATP-BINDING CASSETTE subfamily B19 (ABCB19), which is an auxin efflux transporter known to be a negative regulator for phototropism (Noh et al., 2003; Nagashima et al., 2008b) .
Furthermore, ABCB19 is directly phosphorylated by phot1, resulting in the reduction of auxin transport (Christie et al., 2011) . Kami et al. (2012) showed that the red-light-induced nuclear import of phytochrome A is necessary for the acceleration of phototropic curvature rates by red light pretreatment in continuous-light-induced phototropism. Although these cellular events may be required to establish phototropic enhancement, how they are associated with the enhancement has not been elucidated.
The PINOID (PID) family belongs to the AGC kinase family and consists of four members (PID, WAG1, WAG2, and PID2) in Arabidopsis (Galván-Ampudia and Offringa, 2007) . The PID family is known to be involved in the localization of auxin efflux carrier PIN-FORMED (PIN) proteins (Friml et al., 2004; Michniewicz et al., 2007; Huang et al., 2010) . However, the functions of PID2 have not been well elucidated. Careful analysis with the pid single mutant demonstrated that PID is partially involved in both the pulse-induced first positive phototropism and the time-dependent second positive phototropism (Haga and Sakai, 2012) .
Furthermore, the pid wag1 wag2 triple mutant showed partial impairment of the continuous-light-induced second positive phototropism (Ding et al., 2011; Preuten et al., 2013) . Therefore, the PID family appeared to be one of the key components for the regulation of phototropic responses.
Recently, it was proposed that phot-mediated transcriptional downregulation of PID is involved in the asymmetrical distribution of PIN3 during continuous-light-induced phototropism (Ding et al., 2011) . On the other hand, it was reported that transcriptional downregulation of the PID family is also induced by overhead red light treatment (Haga and Sakai, 2012) . Furthermore, we also demonstrated that PID participates in the phytochrome-mediated regulation of phototropism, because the pid single mutant showed partial impairment of phototropic enhancement by red light pretreatment (Haga and Sakai, 2012 phot-mediated regulation of the localization of PIN proteins but also in the phytochrome-mediated regulation of phototropism.
In this study, we investigated hypocotyl phototropism in the pid quadruple mutant, which had not been used for phototropic analysis, using a precise physiological method (Haga and Sakai, 2012) to elucidate the physiological functions of the PID family in phototropic responses. Intriguingly, phytochrome-mediated phototropic enhancement was severely impaired in the pid quadruple mutant, indicating that the PID family is a critical component for phytochrome regulation. In addition, our analysis suggests that the PID family is not necessary for continuous-light-induced phototropism because the pid quadruple mutant showed nearly normal phototropism when induced by continuous blue light irradiation.
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RESULTS
The PID Family Is Not Necessary for Continuous-Light-Induced Second Positive Phototropism
To examine a functional redundancy among the PID family members in hypocotyl phototropism of Arabidopsis, we prepared the pid pid2 wag1 wag2 quadruple mutant by crossing pid-14 (Salk_049736) with wag1 (Salk_002056C), wag2 (Salk_070240), and pid2 (Sail_269_G07) mutants. The genetic combination of the pid quadruple mutant we generated was the same as that produced by Chen et al. (2008) . The pid quadruple mutant lacked cotyledons, as reported previously (Chen et al., 2008) , but showed the apical hook formation under darkness and the hook opening under overhead white light without cotyledons (Fig. 1A) . First, we investigated continuous-light-induced second positive phototropism in the pid quadruple mutant by using two different fluence rates of blue light: very low (0.0017 μmol m -2 s -1 ) and low (0.17 μmol m -2 s -1 ) ( Fig.   1 , B and C). Although the steady-state levels of phototropic curvatures of the mutant were similar to those of the wild type irrespective of fluence rates, curvature rates and the oscillation were slightly attenuated compared with the wild type (Fig. 1, B and C). The mutant showed a decrease of the hypocotyl growth rates (Fig. 1D ), suggesting that its reduction is involved in the attenuation of phototropic curvature rates in the pid quadruple mutant. Overhead red light pretreatment for 2 min before 2 h of the phototropic stimulation reduced the lag time to induce phototropic responses and accelerated phototropic curvature rates in wild-type hypocotyls (Fig. 1 , B and C), as described previously (Hangarter, 1997; Haga and Sakai, 2012) . Similar responses were also observed in the mutant (Fig. 1, B ). Although red light pretreatment enhanced phototropic responses in the wild type, the pid quadruple mutant did not show such phototropic enhancement (Fig. 2B , right panel). Although the previous study had already reported that the pid single mutant exhibits a reduction of red light effects on pulse-induced phototropism (Haga and Sakai, 2012) , the pid quadruple mutant showed the more severe phenotype in this response.
To understand better the roles of the PID family in the enhancement of phototropic responses, we next analyzed the fluence-response relationship of pulse-induced phototropism with or without red light pretreatment (Fig. 2C ).
When red light pretreatment was not used, the fluence-response curve in the pid quadruple mutant was very similar to that in the wild type. It is known that red light pretreatment causes two major alterations of fluence-response curves:
enhancement of phototropic curvatures and a shift in the optimum total fluence of blue light to higher fluences, so-called desensitization (Liu and Iino, 1996a; Haga and Sakai, 2012) . Although the optimum total fluence was shifted to higher fluences of blue light in the pid quadruple mutant, the enhancement of phototropic curvatures was severely impaired in the mutant (Fig. 2C) . Therefore, these results indicated that the PID family plays a significant role in phytochrome-mediated enhancement of pulse-induced phototropism, but not in the phot signaling pathway.
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The PID Family Is Required for Phytochrome-Mediated Enhancement of
Time-Dependent Second Positive Phototropism
We subsequently investigated time-dependent second positive phototropism (Fig. 3) . Without red light pretreatment, phototropic curvatures deviated slightly from the fluence-response curve of pulse-induced phototropism following 27 min of irradiation, but not 9 min of irradiation, in the wild type (Fig. 3B) . However, the red light pretreatment significantly promoted the deviation in phototropic responses, and 9 min of irradiation was enough for second positive phototropism to appear (Fig. 3C) . The results indicated that red light pretreatment, presumably through phytochromes, is necessary for the induction of time-dependent phototropism as reported previously (Janoudi et al., 1992; Liu and Iino, 1996b; Haga and Sakai, 2012) . The pid quadruple mutant showed obvious responses of time-dependent phototropism with red light pretreatment and no clear responses without red light pretreatment similar to the wild-type response, although the magnitudes of the curvature responses were partially impaired in the mutant (Fig.   3 , B and C). Therefore, the results indicate that the PID family is necessary for amplification of time-dependent phototropic responses by red light pretreatment and that the occurrence of phototropic responses itself is independent of PID function.
Constitutive Expression of PID Attenuates Hypocotyl Phototropism
We also analyzed the effects of constitutive expression of PID on hypocotyl phototropism using transgenic plants harboring the cauliflower mosaic virus 35S promoter driven PID cDNA gene (35S::PID). Pulse-induced phototropism and time-dependent phototropism were severely impaired in the transgenic plants while continuous-light-induced phototropism was slightly attenuated (Fig. 4A ).
Time course analysis of continuous-light-induced phototropism indicated that phototropic curvature rates were reduced and oscillation responses were severely impaired in the transgenic plants, although the steady-state levels of phototropic curvatures were very similar to those of the wild type (Fig. 4B) . The results suggest that excessive amounts of PID proteins prevent phototropic responses, especially pulse-induced and time-dependent phototropisms.
1
Phytochrome Reduces PID Protein Levels
Although the present study clearly demonstrated that the PID family has a critical role in phytochrome-mediated enhancement of phototropic responses, it remains unclear how PID kinases are involved in the enhancement. Because it has been reported that red light treatment reduces the transcriptional levels of PID genes in Arabidopsis hypocotyls (Haga and Sakai, 2012) , such regulation may participate in the enhancement. To investigate this possibility, we examined the effects of red light pretreatment on the expression of PID using a yellow fluorescent protein VENUS (Fig. 5) . When dark-grown transgenic plants harboring the VENUS-fused PID gene driven by its own promoter (PID::PID-VENUS) were not treated with overhead red light, the fluorescent signals derived from PID-VENUS were detected in cell peripheral regions of the epidermis around the apical shoots, but not in the hypocotyls (Fig. 5, A and B ).
This suggests that PID proteins are localized at the plasma membrane of epidermal cells, as described previously (Michniewicz et al., 2007; Kleine-Vehn et al., 2009) , and that PID functions mainly in the apical parts at least in dark-grown seedlings. Therefore, we focused on the apical regions for further analysis. Red light treatment reduced the fluorescent signals significantly 2 h after the treatment (Fig. 5C ), while clear attenuation was not observed at an earlier time, such as 15 min after the pretreatment (data not shown). The results support the previous view that transcriptional levels of PID are attenuated by red light irradiation (Haga and Sakai, 2012) . This suggests that PID protein levels are also reduced through transcriptional downregulation of PID. Therefore, we concluded that a reduction of PID protein levels is probably involved in phytochrome-mediated phototropic enhancement.
Phytochrome Enhances Expression Levels of PIN Proteins
Previously, we reported that red light pretreatment enhances transcriptional levels of the PIN family (Haga and Sakai, 2012) , suggesting that accumulation of PIN proteins are induced by the pretreatment. To investigate the possibility, we generated the transgenic pin3 and pin7 mutants harboring PIN3::PIN3-VENUS promoter), respectively, and examined the effects of red light treatment (Fig. 6 ).
When expression patterns of PIN-VENUS were observed around the apical hook regions where the expression level of PID-VENUS (Fig. 5 ) was relatively high, the light treatment enhanced the fluorescent signals derived from PIN-VENUS, and the enhancement was more significant in the pin7 transgenic plants harboring PIN7::PIN7-VENUS (Fig. 6A) . The promotional effects were also observed in the hypocotyls just below the hook regions. On the other hand, both PIN3-VENUS and PIN7-VENUS did not show clear polarity and the red light treatment did not alter the distribution of the fluorescence ( for the asymmetrical distribution of auxin during pulse-induced phototropism (Haga and Sakai, 2012) . Furthermore, it is known that PID kinases regulate the functions of PIN proteins through changes in their phosphorylation status (Friml et al., 2004; Michniewicz et al., 2007; Huang et al., 2010) . Therefore, it appears that the PID family is involved in phytochrome-mediated phototropic enhancement through regulation of the phosphorylation status of PIN proteins.
Red light treatment reduced the levels of PID proteins largely ( Sakai, 2012) in addition to the emergence of greater asymmetry of PIN activity and/or localization by downregulation of the PID family (Fig. 8) . Because it is reported that PID functions as a negative regulator for auxin transport activity of PIN proteins interacting with ABCB1 proteins (Wang et al., 2012) , it appears that such a regulatory mechanism also participates in phototropic enhancement.
Further studies are necessary to clarify the molecular mechanisms underlying phytochrome-mediated phototropic enhancement.
The present study indicates that the PID family is not required for phytochrome-mediated phototropic adaptation (desensitization). Our previous study suggested that ROOT PHOTOTROPISM 2 (RPT2), a phot adaptor protein, is the most likely candidate for photosensory adaptation in phototropic responses (Fig. 8; Sakai et al., 2000) . This is because the rpt2 mutant is responding to a very limited range of light fluence rates, and the transcriptional levels of RPT2 are upregulated by light treatment (Sakai et al., 2000) . On the other hand, it has been proposed that phytochrome-mediated stabilization of the membrane localization of phot is involved in phytochrome-mediated phototropic regulation. This is because red light pretreatment prevents blue-light-induced internalization of phot proteins from the plasma membrane (Han et al., 2008) . However, blue light irradiation at lower fluences, which is still effective in inducing hypocotyl phototropism in Arabidopsis, could not attenuate the membrane localization of phot proteins significantly (Supplemental Fig. S1 ). Therefore, it appears that phytochrome-mediated stabilization of phot membrane localization functions in phototropic responses induced by higher intensities of blue light (e.g. 20 μmol
), but not by lower intensities of the light.
In dark-grown seedlings, PID proteins were mainly localized at the epidermal cell peripheral region of shoot apical parts ( with the present study, critical events involved in hypocotyl phototropism may occur at the most apical epidermal cells in Arabidopsis.
The pid quadruple mutant showed that its apical hook opens slightly when 2-day-old dark-grown seedlings were observed (Fig. 1A) . It has been reported that an open hook phenotype appears in 3-and 4-day-old wag2 single mutants, but not in 2-day-old seedlings (Willige et al., 2012) . Therefore, it is possible that the PID family is involved in a negative regulation of hook opening. On the other hand, the hook appeared to open even in the pid quadruple mutant when the dark-grown seedlings were incubated under overhead white light (Fig. 1A) . The result indicates that the PID family is not necessary for light-inducible hook opening responses.
During continuous-light-induced phototropism, it is proposed for the establishment of the auxin gradient that phot-mediated transcriptional downregulation of the PID gene is an important mechanism for producing the asymmetrical localization of PIN3 (Ding et al., 2011) . To support the proposed model, the pid triple mutant showed defects of continuous-light-induced phototropism (Ding et al., 2011) . However, the pid quadruple mutant exhibited attenuation of growth rate causing partial impairment of phototropic curvature rates in the continuous-light-induced phototropism (Fig. 1) . Furthermore, pulse-induced phototropism was not impaired in the pid quadruple mutant when the seedlings were not pretreated with red light (Fig. 2) . Therefore, we concluded that the PID family is not critical components for phot-mediated phototropic responses. That is, the proposed model for establishing auxin asymmetry by transcriptional downregulation of PID is unlikely a main pathway, and another regulatory mechanism seems to be involved in the production of the auxin gradient during continuous-light-induced phototropism. Recently, Willige et al. of PIN activity. Precise physiological analysis will be necessary to clarify the functional roles of the D6PK family in phototropic responses in the near future.
MATERIALS AND METHODS
Plant Materials and Growth Conditions
Arabidopsis (Arabidopsis thaliana) seeds of pid-14 (Salk_049736), wag1 Table 2) and cloned as follows. The 5′ region of PIN3 genomic DNA (from -2.0 kb to +0.7 kb from the start of transcription) and the 5′ region of PIN7 genomic DNA (from -2.1 kb to +0.8 kb from the start of transcription) were cloned in pDONR221P1-P4 (Life Technologies). The 3′ region of PIN3 genomic DNA (from +0.7 kb to the 3′ untranslated region) and the 3′ region of PIN7 genomic DNA (from +0.8 kb to the 3′ untranslated region) were cloned in pDONR221P3-P2 Etiolated Arabidopsis seedlings were prepared as described previously (Haga and Sakai, 2012) . Briefly, seeds of Arabidopsis were sown in 0.2 mL plastic tubes filled with 1.5% agar medium (Sakai et al., 2000) , placed in a black plastic box, and kept at 4°C for 3-5 days. Following the induction of germination, the prepared seeds were incubated for 2 days under complete darkness. Seedlings were selected by hypocotyl length (3-5 mm) and kept in the black plastic box during the experiments to maintain high humidity until required for treatments.
Experimental manipulations were carried out under dim green light.
Induction of Phototropism
For phototropic stimulation, selected seedlings were irradiated using a blue-light-emitting diode light source (470 ± 30 nm, LED-B; Eyela, Tokyo) through two layers of a blue filter (no. 72 film; Tokyo Butai Shomei, Tokyo). The fluence rate was controlled with neutral-density plastic filters (Fujifilm) and by changing the distance from the light source to the seedlings. The direction of phototropic stimulation was perpendicular to the plane of the hook (Haga and Sakai, 2012).
For pretreatment with red light, the seedlings were irradiated with overhead red light (660 ± 20 nm, LED-R; Eyela) at 20 μmol m -2 s -1 for 2 min.
Measurement of Curvature and Growth
Images of dark-grown seedlings were recorded just before phototropic stimulation and at 3 h after the onset of stimulation with a digital camera (D5000; 
Chemical Treatment
BFA was purchased from Nacalai-Tesque, and a fluorescent auxin analog, NBD-NAA, was prepared as described previously (Hayashi et al., 2014) . Both chemicals were dissolved with dimethyl sulfoxide. Two hours after red light treatment, the dark-grown pin7 transgenic plants harboring PIN7::PIN7-VENUS were incubated in the growth medium containing BFA at 200 μM for 15 min. For the fluorescent auxin analog, dark-grown wild type and the pid quadruple mutant were incubated in the growth medium containing NBD-NAA at 5 μM for 15 min.
Laser Scanning Confocal Microscopy
Fluorescent signals were detected with a Leica TCS-SP5 confocal laser scanning microscope (Leica Microsystems). VENUS signals were excited with an argon laser at 514 nm, and the spectral detector was set at 525-560 nm. The fluorescent signals derived from NBD-NAA were excited at 488 nm, and the spectral detector was set at 500-530 nm. Green fluorescent protein signals were detected as described previously (Haga and Sakai, 2012). All scans were carried out at a 2,048 × 2,048 pixel resolution with repeated scanning of two lines.
Supplemental Data
The following materials are available in the online version of this article. Figure S1 . Effects of blue light irradiation on localization of PHOT1 proteins. Table S1 . Gene-specific primers used for genotyping.
Supplemental
Supplemental Table S2. Primers used for cloning of PIN3::PIN3-YFP and
PIN7::PIN7-YFP.
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